The size of pollen grains is commonly used to indicate the ploidy level of pollen grains. In this paper observations of the diameter of pollen grains are evaluated from one diploid accession of perennial ryegrass (Lolium perenne L.), which was expected to produce diploid (unreduced) pollen grains in addition to haploid pollen grains. The considerable overlap of the diameter distributions of haploid and diploid pollen grains severely hampers the accurate estimation of the proportion of diploid pollen grains. To overcome this problem we develop in this paper a statistical normal mixture model and we describe a method to test for the production of diploid pollen grains from a diploid parent, and to estimate the proportion of diploid pollen grains.
Introduction
Crosses between plants of different ploidy may yield new and sexually originated polyploid plants and can therefore be of great value for the breeding of tetraploid perennial ryegrass (Lolium perenne L.). Perennial ryegrass plants of exceptional genotypes may produce unreduced diploid pollen grains in addition to haploid pollen grains. Plants of such genotypes are therefore of particular interest for breeding polyploids by interploidy crosses.
The size of pollen grains is related to chromosome number (Stanley & Linskens, 1974) . Conventional methods to indicate the ploidy level are often based on measurements of the diameter or volume of the pollen grain. Crude estimates of proportions of diploid pollen grains are commonly provided by applying simple thresholding techniques (cf. Den Nijs & Stephenson, 1988; Eijlander, 1988; Van Tuyl et al., 1989) , or by using sets of control data of haploid and diploid pollen grains (cf. Veronesi et al., 1988) . In this paper normal mixture models (McLachlan & Basford, 1988) are described to assess the production of diploid pollen grains more accurately. It will be assumed that the observed distribution of the size of pollen grains derives from a mixture of underlying normal distributions, the components of the mixture representing haploid and diploid pollen grains. For each sample the normal mixture model contains a separate parameter for the proportion of diploid pollen grains. This makes it possible to study differences in the production of diploid pollen grains between samples. The model also contains parameters for the mean sizes of haploid and diploid pollen grains as well as parameters for shifts of mean sizes between samples. This makes it pos-sible to correct the observed pollen sizes for variation between samples. A simple algorithm to find the maximum likelihood estimates has been described by Jansen (1993a) . Calculations can be easily carried out in the statistical package GENSTAT (GENSTAT 5 Committee, 1987; Jansen, 1993b) .
The method relies on the assumptions that the size of haploid pollen grains is normally distributed, and that the size of diploid pollen grains is normally distributed with the same variance. It is not a priori clear whether these assumptions hold for diameter (which was measured in our experiment) or for volume (which may be derived from the diameter). Our aim is to find the measure for the size of pollen grains for which these normality assumptions hold best.
Materials and methods

Data set
In preceding experiments large numbers of accessions were screened for the production of diploid pollen grains (Den Nijs & Stephenson, 1988) . A plant showing an appreciable fraction of extra large pollen grains was cloned, vernalized and grown in climatized glasshouses. A control accession producing only haploid pollen grains was treated similarly. Pollen grain samples from several plants per clone were collected during the two weeks flowering period (in total 14 samples for the first accession and 16 samples for the control accession). Pollen grains were stained with carmine-acetic acid and diameters of well-stained pollen grains were measured by using a microscope with an ocular micrometer (1 unit = 2.6 ktm). Table 1 shows the data of the accession that was expected to produce a mixture of haploid and diploid pollen grains. Table 2 shows the data of the control accession which was expected to produce only haploid pollen grains. Samples 1-5 of Table 1 were collected successively in time at 15 ° C, samples 6-10 at 20 ° C, and samples 11-14 at 25 ° C. Samples 1-4 of Table 2 were collected successively in time at 15 ° C, samples 5-11 at 20 ° C, and samples Table 1 . Observed frequencies of diameters and internal volumes of pollen grains in 14 samples of one accession which was expected to produce diploid in addition to haploid pollen grains. Diameters were measured, internal volumes were derived from the diameters (see text).
Sample
(a)Diameter Total (b) Internalvolume/100 (a)  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  (b)  2  3  4  5  7  9  12  14  18  21  26  31  36  42  49   1  3  24  58  45  21  7  6  2  166  2  1  7  19  39  41  32  14  9  2  2  166  3  4  13  34  58  45  26  12  3  1  196  4  1  5  5  9  18  29  29  14  10  8  4  4  3  139  5  2  1  1  3  12  27  41  32  16  11  3  2  151  6  1  3  32  107  73  15  8  7  246  7  2  6  19  70  63  45  11  11  2  1  230  8  17  37  32  44  30 12-16 at 25 ° C. The flowering period was earliest at 25 ° C and latest at 15 ° C.
Statistical background
The data in Table i are from an accession which was expected to produce a mixture of haploid and diploid pollen grains. Let Phi and Pdj denote the expected proportions of haploid and diploid pollen grains in sample j, respectively (j = 1...14). Similarly for each sample, we define parameters for the underlying normal distributions, i.e. for the mean sizes of haploid and diploid pollen grains and their variance. Let kthj and ktdj denote the mean sizes of haploid and diploid pollen grains in sample j, respectively, and let oj2 denote the variance in sample j. Observations are blocked into samples. It is assumed that
in which ~j denotes the effect of sample j. Let y~j denote the i-th outcome in sample j. Since observations are grouped, only a lower and an upper bound are observed, i.e. Yij is replaced by (Y,j,Yuij) with -~o < YHj < Yuii < ~o. The probability that a haploid pollen grain has a size between Y~ij and Yu~j is
where F(.) is the probability density function of the standard normal distribution. Similarly, the probability that a diploid pollen grain has a size between y,j and Yuij is
The corresponding mixture probability P(Ylij,Yuij) that a pollen grain with unknown ploidy has a size between y~ij and Yuij is The likelihood is at its maximum at (~,L3) = (I/2, -4). The seven contours show the shape of the log-likelihood surface close to its maximum, the other contours came too close to each other for plotting. Differences between contours correspond to differences of one unit in log-likelihood, so that the approximate 95 per cent confidence region is enclosed by the third contour. It shows that the optimum transformation will be to subtract the sample minimum from internal volume and then take the square root of the shifted internal volume.
A simple method for the maximum likelihood estimation of the parameters has been described by Jansen (1993a) . Calculations can be easily carried out in GENSTAT (GENSTAT 5 Committee, 1987; Jansen, 1993b) .
To assess the production of diploid pollen grains the likelihood of the normal mixture model is compared to the likelihood of the normal (no-mixture) model. Unfortunately, distributional properties of the difference in the log-likelihoods are not known when testing the number of components in a mixture. McLachlan & Basford (1988) described a procedure to simulate its distribution. According to this procedure, the production of diploid pollen is significant at the level of 100 (l-m) per cent if the observed difference in log-likelihoods exceeds the upper 100 (l-m) per cent in the simulations. For instance, the confidence level of the test is 90 per cent when it is based on nine simulations and 95 per cent when it is based on 19 simulations.
Apart from the above statistical modelling, the choice of an appropriate measure for the size of pollen grains should be made. The aim is to find a measure for which the normality assumption holds best. Three measures will be considered first: diameter, internal volume and external volume. Thereafter, we discuss data transformations to obtain a possibly better fitting model.
Since fertile pollen grains of perennial ryegrass are almost spherical, external volume v~ can be derived from the diameter d by 4 d~ v.:~(~) ~.
Pollen grains of perennial ryegrass have uniformly thick cell walls (Hayward & Manthriratna, 1972) . The thickness of the cell wall is close to unity on the scale used, and approximately independent of the size of pollen grains. Therefore, the internal volume v m is given by
Since external volume and internal volume are closely related, we restrict ourselves temporarily to diameter and internal volume of the pollen grains.
We used the procedure of Box & Cox (1964) to find a transformation of internal volume, such that the normality assumption holds best on the transformed scale. The Box-Cox transformation (with shift parameter ~,~ and power parameter K2) of internal volume equals (vl, -~,~)~2 for ~,2 > 0, and log (Vm --~1) for L2 = 0. Both internal volume and diameter are embedded in this transformation framework, since for ~,~ = 0 and L 2 = i the transformation 209 equals identity, while for ~1 = 0 and L 2 = I/3 the transformation gives (a constant multiple of) the diameter. In any sample the shift ~1 should not exceed the sample minimum Vmi., j of the internal volume. Therefore we introduce ~3 (-~ < ~,3 < 0) and use ~l,j = Vmin,j( 1 --10~3)
as the shift in sample j (Atkinson, 1985) , so that for each sample a separate shift ~,l,j is used, which can take values between 0 (~,3 -~ -oo) and the sample minimum Vmin4 ( in which 0~,~2) are the values of ()~1,L2) where the likelihood is at its maximum (Box & Cox, 1964) .
To show the effect of the change from external volume to internal volume by the correction for cell wall thickness, a plot of the likelihood as a function of the correction constant can be drawn using the optimum transformation.
Results
Stat&tical analys&
Firstly, the results of the analysis of the control accession (Table 2) The likelihood is at its maximum at about unity. It shows that the normality assumption fits slightly better to transformed internal volumes than to transformed external volumes (internal volume is the volume of the pollen grain minus the cell wall; the cell wall thickness is known be constant and about equal to unity).
other contours were too close together for plotting.
The likelihood is at its maximum at (~,~)= (1/2, -4). Thus, the optimum transformation will be to subtract the sample minimum from the internal volume and then take the square root of the shifted internal volume. The approximate 95 per cent confidence region is enclosed by the third contour. The confidence region firmly excludes (L2,£3)= (1,0). This implies that the fit of the normal model to the internal volume can be significantly improved by prior data transformation. The confidence region just excludes (~2,~.3) = (1/3,0). Thus, the fit of the normal model to the diameter can also be significantly improved by prior data transformation. Figure 2 shows the log-likelihood as a function of the correction for thickness of the cell wall by using the optimum transformation. As mentioned above, the thickness of the cell wall is close to unity. The likelihood is also maximal at about unity. This demonstrates that the normality assumption fits slightly better to the transformed internal volume than to the transformed external volume.
We now turn to the analysis of the data of the accession that was expected to produce diploid in addition to haploid pollen grains (Table 1) . To obtain as normally distributed data as possible, we used the shifted square root transformation of the internal volume which proved best in the analysis of the data of the control accession. In order to assess the production of diploid pollen grains, the distribution of the difference between the log-likelihood for the model with production of diploid pollen grains and that for the model without production of diploid pollen grains was simulated under the null hypothesis of no production of diploid pollen grains. The observed difference (117.6) highly exceeded the largest simulated difference (13.3). The test was based on 19 simulations and leads us to reject the null hypothesis of no production of diploid pollen grains at a confidence level of 95 per cent. A second test was carried out to assess the production of still another pollen grain type. The observed difference 
Biological implications
The data in Table 1 are from an accession which was expected to produce diploid pollen grains in addition to haploid pollen grains. This expectation is also supported by a comparison of Table 1 and Table  2 : the data in Table 1 clearly cover a wider range of values than those in Table 2 . Note that the internal volume of the largest pollen grains in Table i is almost 25 times higher than the internal volume of the smallest pollen grains, i.e. the internal volume of pollen grains varies enormously. The large variation between samples is also a striking feature of the data in Table 1 . Some samples cover a much wider range than others. For instance, the 166 observations in sample 1 of Table i take values from 11 to 18 on the original measuring-scale, whereas the 139 observations in sample 4 take values from 11 to 23. Furthermore, the modes of the frequency distributions of the individual samples are clearly shifted. For example, the mode of sample 5 in Table I equals 16 on the original measuring-scale, whereas the mode of sample 6 equals only 12. The corresponding internal volume of the pollen grain in sample 5 is more than twice the corresponding internal volume in sample 6. This large variation could hardly be explained by regular variation in the mean size of haploid and diploid pollen grains. In contrast with this, the sample modes in Table 2 are either 12 or 13. The statistical evaluation of the data in Table 1 clearly demonstrates the production of at least two types of pollen grain. The production of a third type of pollen grain is also indicated (at least in three of the 14 samples), the corresponding test statistic being significant (at least) at the 90 per cent confidence level. We present and discuss below the resuits of the model assuming a mixture of three types of pollen grain. The estimates of the three corresponding proportions and the mean internal volumes are presented in Tables 3 and 4. Figure 3 shows histograms for some samples with the fitted component distributions and the mixture distributions superimposed (the fitted distributions were backtransformed to the original scale). The estimated proportions of diploid pollen grains vary between 0 (sample 13) and 0.90 (sample 5, Table 3 ). This indicates that the production of diploid pollen grains is strongly influenced by environmental factors which may vary from one sample to another. However, no clear effect of temperature on the production of unreduced pollen grains is found. At each temperature samples were collected successively in time (samples 1-5 were collected at 15 ° C, samples 6-10 at 20 ° C and samples 11-14 at 25 ° C). The samples obtained at the end of the flowering period show the larger proportions of unreduced pollen grains (Table 3 ). This suggests a relation between plant age and production of unreduced pollen grains.
Discussion
In this paper we present a statistical analysis for the assessment of ploidy via the size of pollen grains. Although the statistical methods were developed for the analysis of pollen grain data from perennial ryegrass, the methods and their results probably have a wider applicability.
Our statistical analysis concerns the data obtained from two accessions of perennial ryegrass and leads to the following remarks. First, there is a large variation in the proportion of diploid pollen grains between samples. An effect of plant age on the production of unreduced pollen grains is suggested. Screening for accessions with a good production of diploid pollen grains is often based on a single sample, but our results show that conclusions based on a single sample may be quite misleading.
Second, our analysis indicates the production of haploid, diploid and possibly tetraploid pollen grains. However, further cytological evidence is required to definitely assess the production of tetraploid pollen grains. In any case, our statistical method makes it possible to test for the presence of two or more types in the pollen grain mixture and to estimate their proportions.
Third, the analysis of diameters and that of volumes lead to different results. A different goodness-of-fit of the normal (mixture) models to the data is found; in addition rather different estimates of the proportions of diploid pollen grains in the samples are found. Therefore, one should carefully choose an appropriate measure for the size of pollen grains. It was demonstrated that the normal (mixture) models fitted best to the transformed internal volume. This measure is obtained by subtracting the sample minimum from the internal volume and then taking the square root of the shifted internal volume. In the case of non-spherical pollen grains the diameter is unlikely to be a good measure for the size of pollen grains. Pollen grains of for in- Diameter of pollen grain (1 unit = 2.6pm) Fig. 3 . Some histograms of the sample data and graphs of the fitted diameter distributions for haploid (N), diploid (2N) and possibly tetraploid (4N) pollen grains and a graph of their fitted mixture distributions (see also Tables 1, 3 and 4) . Sample 2 contains a large proportion of haploid pollen grains. Sample 5 contains a large proportion of diploid pollen grains. Sample 8 is clearly a mixture of haploid, diploid and (possibly) tetraploid pollen grains. Sample 9 is a mixture of predominantly haploid and diploid pollen grains. Sample 14 is a mixture of predominantly diploid and (possibly) tetraploid pollen grains.
stance lily, alfalfa and radish are non-spherical, so that in these species volume measurements are most natural. But also in these cases the normality assumption will probably hold best for the shifted square root of the volume.
To our knowledge there is no proof of any mathematical relation between the ploidy and the size of pollen grains, though it is sometimes supposed that the volume of diploid pollen grains is twice the volume of haploid ones (cf. Jacobsen, 1978; Sala et al., 1989 ). In our data the mean internal pollen volumes of the three types of pollen grain are remarkably close to the ratio 1:2:4 (Table 4) . We suggest that the third type of pollen grain, of which the internal volume is four times the internal volume of haploid pollen grains, represents tetraploid pollen grains. The production of tetraploid pollen grains in perennial ryegrass has never been reported before, but is not unlikely, since Van Wagenvoort et al. (1992) observed diploid, tetraploid and even octoploid cells in meiosis I in a cytological study of a different accession of perennial ryegrass. Omara (1976) observed the production of pollen mother cells with 2 up to 58 chromosomes in perennial ryegrass. Therefore, mixtures of even more than three types of pollen grain may possibly occur. However, reliable detection of other types of pollen grain by our method would probably require much larger data sets.
We also had the data of a control accession which was known to produce only haploid pollen grains ( Table 2 ). The analysis of these data provided important information on the size distribution of haploid pollen grains and on data transformation. Such information could hardly be obtained from the mixture data (Table 1) , since the component distributions are poorly separated. For the analysis of Table 1 we used the results of the analysis of Table 2 . However, no precise information is available on the size distribution of diploid pollen grains (nor on that of the possibly tetraploid pollen grains). We assumed, for example, that the three types of pollen grain have equal variance (within the same sample and after data transformation). We also assumed that the size differences between the three types of pollen grain are constant over the 14 samples (again, on the transformed scale). These assumptions cannot be checked properly but do seem to be reasonable. At least, they make a robust parameter estimation possible by linking the component distributions; the number of observations per sample as well as the number of diameter classes per sample are too small to fit more extended models. Besides, without these assumptions the number of parameters per sample would readily exceed the multinomial degrees of freedom per sample (i.e. the number of diameter classes minus 1).
Flow cytometry has been proposed as an alternative method for estimating the proportion of diploid pollen grains in pollen grain samples (van Tuyl et al., 1989) . This method produces DNA histograms of individually released nuclei from the pollen grain mixture. However, the distributions of both types of nuclei may also overlap and similar problems arise as dealt with in the present paper (Jansen 1993a) . Furthermore, analysis of the DNA histograms is often complicated by noise due to cell debris.
